Necrotic enteritis (NE) is a worldwide poultry disease caused by the alpha toxin-producing bacterium Clostridium perfringens. Disease risk factors include concurrent coccidial infection and the dietary use of cereal grains high in nonstarch polysaccharides (NSP), such as wheat, barley, rye, and oats. Outbreaks of NE can be prevented or treated by the use of in-feed antibiotics. However, the current debate regarding the prophylactic use of antibiotics in animal diets necessitates a better understanding of factors that influence intestinal colonization by C. perfringens as well as the pathophysiological consequences of its growth. We report a study with a chick model of NE, which used molecular (16S rRNA gene [16S rDNA]) and culture-based microbiological techniques to investigate the impact of the macrolide antibiotic tylosin phosphate (100 ppm) and a dietary NSP (pectin) on the community structure of the small intestinal microbiota relative to colonization by C. perfringens. The effects of tylosin and pectin on mucolytic activity of the microbiota and C. perfringens colonization and their relationship to pathological indices of NE were of particular interest. The data demonstrate that tylosin reduced the percentage of mucolytic bacteria in general and the concentration of C. perfringens in particular, and these responses correlated in a temporal fashion with a reduction in the occurrence of NE lesions and an improvement in barrier function. The presence of pectin did not significantly affect the variables measured. Thus, it appears that tylosin can control NE through its modulation of C. perfringens colonization and the mucolytic activity of the intestinal microbiota.
Clostridium perfringens is a low GϩC gram-positive anaerobic spore-forming bacterium and a widely distributed pathogen (19, 30) . It is found commonly in soil and sewage and as a member of the normal microbial community in the gastrointestinal tract of animals and humans. Conditions that promote excessive growth of C. perfringens in the chicken intestine lead to toxin production that causes mucosal lesions and the clinical disease necrotic enteritis (NE). The disease occurs most commonly in broiler chicks (2 to 5 weeks of age) but is also observed in older pullets and layers (6, 29, 36) . Disease outbreaks have been minimized to a significant extent through the use of in-feed antibiotics. However, the incidence of NE in broiler flocks has increased in Western Europe since the implementation of a ban on the growth promotion use of avoparcin in 1997 and of tylosin, spiramycin, virginiamycin, and zinc bacitracin in 1999 (8) . The incidence of the disease may have been exacerbated by the use of wheat and barley as basal ingredients in European poultry diets. Dietary grains rich in water-soluble nonstarch polysaccharides (NSP) such as wheat, barley, or rye increase intestinal viscosity through enhanced mucus production (16, 24, 38) . These changes may compromise mucosal barrier function due to increased microbial growth in general and that of C. perfringens in particular. Clearly, the current debate regarding the prophylactic use of antibiotics in animal diets necessitates a better understanding of factors that influence intestinal colonization by C. perfringens as well as the pathophysiological consequences of its growth.
As such, we report a study with a chick model of NE that examined the effects of tylosin and highly methylated citrus pectin (as a water soluble and fermentable NSP) on the community structure of the small intestinal microbiota relative to colonization by C. perfringens. The effects of tylosin on mucolytic activity of intestinal bacteria and its relationship to C. perfringens colonization and epithelial barrier function were of particular interest.
withdrawn for 8 h prior to each inoculation to minimize the occurrence of regurgitation.
Pathological parameters. On days 15, 16, 17, 20 , and 24, 12 birds per treatment were killed by injection in the wing vein with a euthasate (T61; Intervet, Mechelen, Belgium) containing embutramide (200 mg/ml), mebenzonium iodide (50 mg/ml), and tetracaine hydrochloride (5 mg/ml). The abdomen was opened, and the gastrointestinal tract was exposed. The gastrointestinal tract was segmented into the duodenum and jejunum (the segment from the gizzard to the 10 cm preceding Meckel's diverticulum). The coccidiosis lesions were visually scored according to the method of Johnson and Reid (12) . Necrotic lesions were scored on a scale from 0 to 3 (0, no dot lesions; 1, one to five small [Ͻ1-mm diameter] dot lesions; 2, more than five small dot lesions but fewer than five larger [1-to 2-mm diameter] ones; 3, more than five larger lesions and erosive zones).
Permeability measurements. A 5-cm-long segment anterior to Meckel's diverticulum and a 5-cm-long segment starting at 1 cm preceding the ileocecal junction were taken for permeability measurements from 6 of the 12 birds sampled on days 17, 20, and 24. The samples were transported in ice-cold HEPESbuffered, phenol red-free Dulbecco's modified Eagle's medium (DMEM). Each intestinal section was rinsed by flushing intestinal contents with an ice-cold DMEM buffer solution before the segment was cut longitudinally and laid open, exposing the luminal surface. The mucosal layer was carefully stripped (using the blunt edge of a sterile razor blade) from the muscle layer. Samples of the mucosal layer were punched with a 9-mm-diameter steel punch and placed in flat sheets that separated the 1.5-ml mucosal and 1.5-ml serosal compartments in Ussing chambers (effective absorptive-tissue surface area, 0.196 cm 2 ). The mucosal and serosal compartments were filled with 1. (5, 13) . Fluids in both compartments were circulated by gas lifting. At the indicated time points (15, 45, 75 , and 105 min), 0.5-ml samples were taken from the serosal compartments and the volume was reconstituted with DMEM.
3 H-and 14 Clabeled compounds were analyzed using a Wallac 1409 liquid scintillation counter. Permeability coefficients were determined on basis of the appearance of the probe in the serosal compartment according to the formula P ms ϭ P/(A ⅐ C 0 ), where P ms is the permeability coefficient from the mucosal to serosal side (in centimeters per second), P is the permeability rate (in mole seconds per liter), A is the exposed intestinal area (in square centimeters), and C 0 is the initial mucosal concentration of the test substance (in moles per millimeter).
Sample collection for DNA extraction. Three 5-cm-long sections were collected from the jejunum and ileum of 6 of the 12 birds from which samples were taken on days 17, 20, and 24 for molecular analysis. From one 5-cm-long section, the luminal contents were collected into a cryogenic vial. A second 5-cm-long section was cut longitudinally and laid open, exposing the luminal surface. A sterile glass slide was used to remove and discard luminal contents, and a clean glass slide was used to scrape the mucus layer into a sterile cryogenic vial. Similarly, mucus was scraped from a third 5-cm-long section from both intestinal segments and placed in a 1-ml cryoprotective mixture of water and glycerol (50/50) in another cryogenic vial. All samples were flash frozen in liquid nitrogen and stored at Ϫ80°C until further analysis was performed.
Genomic DNA extraction and PCR-DGGE analysis. Genomic DNA was obtained using previously described phenol-based extraction methods (37) . For 16S rRNA gene (16S rDNA) PCR-denaturant gradient gel electrophoresis (PCR-DGGE) analysis, each DNA sample was amplified using primers (534R and 341F) specific for conserved sequences flanking the variable V3 region of 16S rDNA, as described previously (21, 22, 32) . A 40-nucleotide GϩC clamp was added to the 5Ј end of primer 341F. To minimize spurious products, touchdown PCR was performed as described by Muyzer and Smalla (21) .
After agarose gel electrophoresis was used for visual confirmation of the 193-bp PCR product, DGGE was performed using a Bio-Rad (Hercules, Calif.) D-code system as described previously (31) . To separate PCR fragments, 35 to 60% linear DNA-denaturing gradients were formed (using a Bio-Rad Gradient Former) in 8% polyacrylamide gels. Products were electrophoresed for 2 h at 60°C and 150 V and then for 1 h at 200 V. Additionally, bacterial 16S rDNA ladders representing known bacterial species were loaded to standardize band migration and gel curvature among gels (32) . After electrophoresis, gels were silver stained and scanned using a GS-710 calibrated imaging densitometer (Bio-Rad). Amplicons were considered for analysis when the intensity of the image was at least 2% higher than the background intensity.
When antibiotic-dependent differences in banding profiles were observed, individual 16S-V3 rDNA bands were excised, reamplified as previously described, cloned using a TOPO TA cloning kit (InVitrogen, Carlsbad, Calif.), and sequenced using an automated sequencing system (Applied Biosystems, Foster City, Calif.) at the W. M. Keck Center for Comparative and Functional Genomics (University of Illinois). Sequence data were analyzed using Sequencher 3.0 software (Gene Codes, Ann Arbor, Mich.), and a BLAST (http://www.ncbi .nlm.nih.gov/BLAST/) search was performed for phylogenetic identification. Positive identifications of unknown sequences were considered significantly similar when sequences were 97 to 99% identical to BLAST database sequences.
Estimates of microbial richness and diversity. Discovery Series Diversity Database software (Bio-Rad) (version 2.1) was used to analyze banding patterns by measuring the migration distance and intensity of the bands within each gel lane (32) . This information was then used to analyze banding patterns via measurement of community diversity parameters, including band number, Sorenson's pairwise similarity coefficient (C s ), and Ward's algorithm (18, 34) .
The band number corresponds to the number of individual bands in a single gel lane. C s , sometimes referred to as the Dice coefficient, is a similarity index used to compare banding compositions of different ecosystems (17, 20, 28, 31) . C s values were determined by the formula C s ϭ [2j/(a ϩ b)] ϫ 100, where a represents the number of PCR-DGGE bands in lane 1, b represents the number of PCR-DGGE bands in lane 2, and j represents the number of common PCR-DGGE bands (11, 18, 20) . Thus, two identical profiles create a C s value of 100%, whereas completely different profiles (no common bands) result in a C s value of 0%. The banding pattern for each sample was compared to those of other members in the same treatment group (i.e., an intragroup comparison), with results indicating the relative homogeneity of microbial populations within a treatment, and was also compared to those of members of all other groups (i.e., an intergroup comparison), with results indicating the extent to which treatment (diet or antibiotic) affected the composition of microbial populations at each intestinal site.
Ward's algorithm was used to construct a dendrogram of bacterial community structure for each day. Ward's algorithm is defined as dki ϭ ͓͑np ϩ ni/n ϩ ni͒dpi ϩ ͑nq ϩ ni/n ϩ ni͒dqi Ϫ ͑ni/n ϩ ni͒dpq͔ where p and q represent two clusters that are joined within a single cluster; k represents the index of the cluster formed by joining clusters p and q; i represents the index of any remaining clusters other than cluster p, q, or k; np represents the number of samples in the pth cluster; nq represents the number of clusters in the qth cluster; n represents the number of clusters in the kth cluster formed by joining the pth and the qth clusters (n ϭ np ϩ nq); and dpq represents the distance between cluster p and cluster q, as discussed by Sneath and Sokal (34) and presented in the Diversity Database manual (Bio-Rad).
Analysis of C. perfringens colonization by real-time qPCR. The colonization of C. perfringens as a percentage of total bacteria in mucosal and luminal samples collected from the jejunum and ileum was analyzed via real-time quantitative PCR (qPCR) as described by Deplancke et al. (7) . DNA isolates (as templates) and C. perfringens-specific 16S rDNA primers were used for PCR amplification in a GeneAmp 5700 sequence detection system (Applied Biosystems) (40) . To assess the total concentration of bacterial DNA, 16S-V3 rDNA fragments were amplified with the 534R and 341F primers without the additional GϩC clamp as described above. PCR protocols for both C. perfringens-specific and bacterial primer sets were identical to those used for PCR-DGGE. For both primer sets, a standard curve was generated with C. perfringens genomic DNA. The DNA concentrations were 10, 100, and 1,000 pg/l, and these concentrations were plotted against the PCR cycle threshold (C t ) value. All standards and unknowns from mucosal and luminal contents from the jejunum and ileum were expressed as the average percentage of C. perfringens rDNA relative to total eubacterial rDNA.
Cultivation of mucolytic bacteria. Diet and antibiotic modulation of mucolytic bacteria was analyzed via a mucolysis assay developed by Deplancke et al. (7) to evaluate possible mechanisms yielding C. perfringens a selective advantage in the intestine. To determine the ratio of mucolytic versus total mucosa-associated bacteria (MAB), diluted mucosal samples from birds (n ϭ 6 birds/treatment) were inoculated under anoxic conditions onto nutrient agar of M10 medium containing multiple carbon sources, including mucin (25) . After 5 days of anaerobic growth at 37°C, a total of 20 colonies from the jejunum and ileum of each bird (n ϭ 120 colonies/treatment) at each day (days 17, 20, and 24; 1,440 total colonies) were randomly isolated from the plates and transferred to 24-well plates containing 300 l of modified anaerobic basal medium 10 containing pig 3312 COLLIER ET AL. ANTIMICROB. AGENTS CHEMOTHER.
gastric mucin (mucin type II from porcine stomach with 1% bound sialic acids; Sigma M-2378)/well as the sole carbohydrate source. Growth in the mucinlimiting medium was assessed after 2 days of anaerobic growth by measurement of the optical density at 650 nm in a Vmax plate reader (Molecular Devices, Sunnyvale, Calif.). The number of colonies that grew on the mucin-limiting medium are expressed as a percentage of the 20 colonies per bird collected from the habitat-simulating medium. Additionally, the mucolytic potential of 20 C. perfringens colonies was examined in the same medium. Statistics. The occurrence of necrotic lesions, cellular permeability, C s values, qPCR, and mucolytic potential were subjected to analysis of variance using SAS software (version 6.09) (The SAS Institute, Cary, N.C.). The partitioned sources of variation included diet and day and their interactions. Specific treatment comparisons were made using Fisher's protected least significant difference test with an assigned P value of Ͻ0.05. Dendrograms representing clustering patterns of microbial profiles were generated with Diversity Database software (version 2.2.0) (Bio-Rad) and Ward's algorithm (16) . Pathological indices and data derived from molecular and culture-based techniques were evaluated by Spearman correlation analysis (SAS) to determine correlations to the onset of NE.
RESULTS
Pathological parameters of infection. Coccidiosis-related lesions were observed in all birds tested (all of which had been inoculated with E. acervulina) independent of the treatment used (data not shown). Coccidial lesion scores were greatest on day 15 (average score, 2.5), and lesions became less severe in birds sacrificed at later ages (scores of 2.0, 1.6, and 1.0 on days 16, 17, and 20, respectively). For samples from all sampling days, necrotic lesions associated with C. perfringens infection were present only in birds not treated with tylosin (Fig. 1) . The inclusion of pectin did not affect (P Ͼ 0.05) the occurrence of NE lesions in samples from any sampling day.
At day 17, paracellular and transcellular permeability results did not differ due to diet or tylosin treatment (data not shown). At day 20, levels of jejunal paracellular, but not transcellular, permeability were higher (P Ͻ 0.05) in birds fed the pectinsupplemented diet independent of tylosin treatment and higher (P Ͻ 0.05) in non-tylosin-treated birds than in those treated with antibiotics across all diet treatments (data not shown). This increase in paracellular permeability indicates an impaired intestinal barrier function, which facilitates the transport of antigenic or toxic substances across the mucosa.
Effects of diet and tylosin on community structure of the jejunal and ileal microbiota. The average number of bands detected in each sample ranged from 10 to 22, depending on treatment and sampling day. Across treatments, fewer bands were detected in the jejunum versus the ileum (P Ͻ 0.05) at days 17, 20, and 24; however, band numbers between luminal and mucosal samples were similar (P Ͼ 0.05) for both sites. A gel image of ileal lumen V3-16S rDNA amplicons from day 20 is shown in Fig. 2A . Similar results were observed for jejunal lumen and mucosal and ileal mucosal samples at day 17. At day 20, fewer bands were observed in tylosin-treated versus nontylosin-treated birds (P Ͻ 0.05) and band numbers did not differ for treatments with or without pectin. This result was observed for both the jejunum and the ileum. By day 24, the numbers of 16S rDNA bands amplified from the jejunum and ileum did not differ (P Ͼ 0.05) among treatments.
Individual banding patterns were subjected to cluster analysis using Ward's algorithm to determine the effects of diet and antibiotic treatment on microbial community profiles (34) . At day 17, jejunal and ileal community profiles clustered according to antibiotic treatment but not by diet. Similar results were observed for day 20, except the jejunal profiles of birds fed tylosin and pectin (WBPT) formed a single tight cluster (Fig.  2B) . By day 24, four distinct clusters were observed for the jejunum and ileum according to the four experimental treatments (data not shown). A temporal or developmental effect on microbial communities was observed when all samples from all days were analyzed concurrently in that three distinct clusters were observed for three sampling days (17, 20 , and 24) independent of treatment (data not shown).
The effects of diet and tylosin on ileal lumen 16S rDNA banding patterns were further assessed by intragroup comparisons using C s values, as presented in Table 1 (18) . At days 17 and 20, luminal and mucosal intragroup C s values were higher (P Ͻ 0.05) for tylosin-treated (WBT and WBPT) than for non-tylosin-treated (WB and WBP) birds independent of diet. This indicates that tylosin decreased the diversity of bacterial populations and that antibiotic treatment homogenized microbial community structure to a greater extent than diet. All intragroup C s values decreased by day 24 regardless of treatment relative to the results for days 17 and 20, indicating that bacterial populations became more heterogeneous over time independent of treatment. This result was observed for both the jejunum and ileum.
Pairwise C s intergroup comparisons reveal treatment-specific differences in bacterial populations (Table 1) . At day 17, C s values for birds fed diets with or without pectin were lower than those treated with or without tylosin. By day 20, intergroup values of birds treated with or without tylosin did not change from day 17 (P Ͼ 0.05), while values for birds fed with or without pectin were significantly higher than those for birds in the groups fed with or without pectin at day 17 and with or without tylosin at days 17 and 20. At day 24, C s values of birds fed with or without pectin did not change significantly from day 20 and those of birds treated with or without tylosin were higher (P Ͻ 0.05) than at day 20 but did not differ (P Ͼ 0.05) from those of birds fed with or without pectin. Therefore, pectin-induced alterations in microbial profiles were observed only at day 17, while tylosin-induced changes were observed at days 17 and 20. The increased intergroup C s values for all samples at day 24 indicate that the effects of pectin and tylosin diminished during the week 4 of the study. Treatment and temporal responses for mucosal samples (data not shown) were similar to those for luminal samples from both the jejunum and ileum, as described above.
Identification of antibiotic-specific 16S rDNA PCR-DGGE bands. Two 16S rDNA-V3 bands differentially affected by tylosin were excised from a day 17 PCR-DGGE gel containing ileal luminal samples and sequenced for phylogenetic identification ( Fig. 2A) . Band A was present at days 17, 20, and 24 in all birds fed tylosin (and in one bird fed a tylosin-free diet) independent of diet. Sequence analysis of band A identified it as representing Lactobacillus gasseri (GenBank accession no. AF375930; 99.3% similarity). In contrast, band B was present in all nontylosin-treated birds at days 17 and 20, in two of five tylosintreated birds at day 17, and in three of five birds at day 20. Sequence analysis identified band B as representing C. perfringens (GenBank accession no. NC003212; 98.2% similarity), and this sequence was 98.99% similar (two mismatches out of 198 bp) to the 16S rDNA sequence of the C. perfringens inoculum. Band C appeared in all gels regardless of treatment, intestinal segment, or day and was determined by sequence analysis to represent Lactobacillus pontis (GenBank accession no. X76329; 98.8% similarity) ( Fig. 2A) .
Quantification of C. perfringens in jejunal and ileal mucosa. A real-time, qPCR-based method was used to specifically mea- sure C. perfringens concentrations (Fig. 3 ). Both C. perfringensspecific and bacterial primers yielded one band of the correct size, namely, 279 bp for the C. perfringens-specific primers and 193 bp for the bacterium-specific primers, when visualized on an agarose gel (data not shown). The identity of these products was verified by sequence analysis. Regression values for the C. perfringens and bacterial primer sets (for log DNA concentrations plotted against C t values) were both 0.99, as determined by serial dilution of C. perfringens DNA in the concentration range of 10 to 1,000 pg/l (Fig. 3A) . Total bacterial concentrations tended to be higher in birds fed a tylosin-free diet than in those treated with tylosin (data not shown), though this difference was not statistically significant. The results of investigations of the effects of pectin and tylosin on C. perfringens 16S rDNA concentrations (expressed as a percentage of total bacterial 16S rDNA in the ileal lumen) are presented in Fig.  3B . The concentrations of C. perfringens in luminal contents from the jejunum and ileum of birds fed a tylosin-free diet were higher (P Ͻ 0.05) at days 17 and 20 than those from the jejunum and ileum of tylosin-treated birds independent of diet. C. perfringens was not detected at day 24 regardless of treatment. The inhibitory effect of tylosin on C. perfringens colonization was greater in the ileal and jejunal mucosa than in the lumen (P Ͻ 0.05) (data not shown). Pectin did not significantly affect C. perfringens colonization at any day, regardless of intestinal segment or experimental treatment.
Relative proportion of mucolytic bacteria. The ratio of mucolytic bacteria as a percentage of total MAB was assessed to examine the effects of diet and antibiotic treatment on bacterial mucolysis (Fig. 4) . The percentage of mucolytic bacteria in the jejunum of tylosin-treated birds was significantly lower than that for nontreated birds at days 17 and 20 independent of pectin administration. By day 24, birds fed a WB diet harbored a higher (P Ͻ 0.05) percentage of culturable mucolytic bacteria than those fed all other diets. By day 24, tylosin-treated birds harbored significantly fewer mucolytic bacteria in the jejunum than those of the other treatment groups. Similar tylosin effects were observed in the ileum (data not shown). Further, the ileum harbored a higher percentage of mucolytic bacteria than the jejunum. The percentages of mucolytic bacteria from all treatments were similar across days 17, 20, and 24. Each of the C. perfringens colonies (n ϭ 20; 100%) selected grew on the mucin-limiting medium (data not shown).
Correlation analysis. The occurrence of necrotic lesions was inversely correlated to tylosin treatment (r ϭ Ϫ0.95; P Ͻ 0.01) and correlated positively to epithelial permeability (r ϭ 0.87; P Ͻ 0.01), growth of mucolytic bacteria (r ϭ 0.91; P Ͻ 0.01), and C. perfringens colonization as determined by qPCR (r ϭ 0.81; P Ͻ 0.01). The proportion of mucolytic bacteria was inversely correlated to tylosin treatment (r ϭ Ϫ0.94; P Ͻ 0.01). C. perfringens growth was positively correlated to the proportion of mucolytic bacteria (r ϭ 0.91; P Ͻ 0.01) and inversely related to tylosin treatment (r ϭ Ϫ0.91; P Ͻ 0.01). Paracellular permeability was inversely correlated to tylosin administration (r ϭ Ϫ0.91; P Ͻ 0.01). Inclusion of dietary pectin was positively correlated to paracellular permeability at day 20 (data not shown) but not when all days were analyzed together. Sampling day did not correlate significantly with any of the other variables.
DISCUSSION
The present study demonstrates that tylosin administration quantitatively decreased the proportion of mucolytic bacteria in general and of C. perfringens specifically and that these responses correlated with an improvement in pathophysiological indices of disease in a chick model of NE. The data further indicate that mucolysis can serve as an initiating step of C. perfringens virulence and point to a possible link between bacterial mucolysis by other commensal bacteria in the chick intestine and compromised barrier function.
The molecular ecological data indicate that microbial populations of tylosin-treated birds were more homogeneous than and dissimilar to those of birds not treated with tylosin. Similarly, previous culture-based studies demonstrated that the oral administration of antibiotics causes a shift in intestinal microbial populations (3, 27) . The effects of tylosin on microbial profiles diminished over the course of this study. Therefore, the tylosin-induced changes in community composition may reflect an overgrowth of gram-positive bacteria or the replacement of antibiotic-susceptible strains with resistant organisms (2, 23, 26) . Indeed, the alteration of microbial profiles in response to tylosin reflects to a significant extent the differential presence of L. gasseri. Similar results have been demonstrated via PCR-DGGE and culture-based analyses by Knarreborg et al. (15) whereby they determined that lactobacilli and C. perfringens bacteria were the bacterial groups most strongly affected by antibiotic administration. The apparent inverse relationship between C. perfringens and L. gasseri may indicate a competitive interaction between these bacteria. Lactobacillus species appear to be particularly resistant to antibiotic administration (9) . Also, L. gasseri has been shown to competitively exclude pathogenic bacteria via the production of bacteriocins and its ability to compete for limiting nutrients (14, 35, 42) . Additional evidence of a competitive interaction between C. perfringens and L. gasseri would indicate that tylosin might further benefit the host by selecting for L. gasseri growth.
The mechanisms by which coccidiosis and the inclusion of NSP in the diet independently enhance the growth of C. perfringens and predispose to NE are not clear. Intriguingly, they both appear to increase intestinal mucus production (10, 16, 33, 39) . We observed a positive correlation between the growth of mucolytic bacteria and (i) the growth of C. perfringens, (ii) the occurrence of necrotic lesions, and (iii) decreased intestinal epithelial barrier function. Moreover, the high percentage of mucolytic bacteria, particularly in the ileum, suggests that they might contribute to the onset of disease. Indeed, the proportion of mucolytic bacteria was also reduced in tylosintreated birds at day 24, when C. perfringens was no longer detectable by qPCR, and this effect correlated with the preservation of intestinal barrier function. This result (combined with evidence that the chick small intestine is colonized by a potentially diverse population of mucolytic bacteria) demonstrates the crucial importance of phylogenetically identifying and studying these bacteria. Although the present data do not reveal the relative diversity of mucolytic bacteria in the chick intestine, the apparent prevalence of this activity indicates the importance of gaining this information. In comparisons of the diversity of mucolytic bacteria in the ileum of neonatal piglets as affected by enteral versus parenteral nutrition, Deplancke et al. (7) observed a wide range of 16S rDNA PCR-DGGE bands from mucin enrichment plates that were inoculated with mixed MAB samples. Therefore, the ability to use mucus as a nutrient source may be widespread among gut bacteria, at least in chicks and neonatal piglets, and may be a characteristic of species not traditionally associated with mucolysis. Intriguingly, Deplancke et al. (7) also found that C. perfringens was indeed differentially selected in parenterally fed piglets, which led us to initially explore the mucolytic potential of this opportunistic pathogen.
We propose (on the basis of the positive correlation between the presence of mucolytic bacteria and C. perfringens and the onset of NE as affected by the presence of tylosin) that conditions that result in increased mucus production by the host can select for mucolytic bacteria and thereby serve as an initiating step in NE pathogenesis. This hypothesis is supported by evidence that distinct intestinal insults (such as coccidiosis and highly viscous dietary feedstuffs that predispose to NE) commonly result in an increase in host mucus production. Because C. perfringens may be particularly mucolytic (7), its growth would be favored by a proinflammatory-mediated increase in mucus production. Furthermore, the enhanced fluid secretion and rate of passage of digesta that characterize intestinal inflammatory responses might select for bacteria capable of rapid growth, such as C. perfringens (8-to 10-min generation time) (5) . Together, these responses would enable C. perfringens to outgrow other nonmucolytic commensals. The enzy -FIG. 4 . Percentage of mucolytic bacteria present in ileal mucosa of 17-, 20-, and 24-day-old birds (n ϭ 12/treatment) fed a control diet (i.e., without tylosin [ᮀ]) or a diet including tylosin (s). The effects of HMC pectin were not significant (P Ͼ 0.05); therefore, samples were pooled by day according to tylosin treatment. MAB colonies isolated from cultures grown on an intestinal habitat-simulating medium were transferred and grown anaerobically in habitat-simulating medium 10 (31) modified to contain mucin as the sole carbon and energy source as described in Materials and Methods. Bacterial growth was monitored by measurement of absorbance (optical density at 650 nm). *, P Ͻ 0.05.
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COLLIER ET AL. ANTIMICROB. AGENTS CHEMOTHER. matic basis of mucolysis by C. perfringens will need to be defined before this hypothesis can be evaluated fully. In summary, the present data demonstrate that tylosin decreases C. perfringens colonization early in chick development and can thereby decrease the occurrence of NE during this critical period. The data also support the hypothesis that intestinal conditions that favor enhanced mucus production can provide a selective advantage for C. perfringens. Decreasing mucolysis-mediated C. perfringens growth may prove to be beneficial for minimizing the onset of NE in birds. Furthermore, while the threat of C. perfringens infection diminishes with age, tylosin continues to suppress the endogenous mucolytic microbiota and decreases the occurrence of NE. This suggests the need to identify the extent and distribution of mucolytic bacteria within the intestinal microbiota as well as the molecular basis for this potentially pathogenic process.
